ABSTRACT
Introduction
Diversity of maize (Zea mays L.) inbreds has major importance to the process of maize improvement. In the last five decades, large number of maize inbreds has been developed from genotypes with a narrow genetic base (1) . This causes a risk of genetic diversity loss and restricts the possibility of crosses among genetically divergent genotypes. The narrow genetic base of the modern highly performing maize hybrids is also problematic in breeding for adaptation to biotic and abiotic stresses, including chilling, drought or salt tolerance. Knowledge of the genetic relationships among breeding materials could help to prevent the risk of increasing uniformity in the elite germplasm and could also ensure long-term selection gains.
Different methodologies are available to investigate genetic diversity. Analyses based on morphological and traits of agronomic importance as well as on pedigree data have been used for this purpose for a long time and they have been showing distinct degrees of confidence. Morphological characteristics are often influenced by the environment and therefore, they do not always express genetic relationships. Besides, these traits reveal differences that are not comprehensible in terms of genetic distances (2) .
Biochemical data obtained by isoenzymes and storage protein analyses significantly overcome these problems, since proteins portray the genetic base with more fidelity. Nevertheless, the reduced coverage of genome, due to few available and polymorphic loci, constitutes a striking factor for the generalized application of this technique (3) .
DNA-based fingerprinting technologies (RFLPs and PCR-based DNA markers) have proven useful in genetic diversity studies. Data obtained by molecular markers overcome most of the limitations existing in the other kinds of analysis. Characteristics such as an almost unlimited number of markers, absence of environmental influence, great number of polymorphic loci, access to contribution of both parents and possibility of comparing genotypes, based on the DNA, make molecular markers very powerful for genetic diversity estimates (3) .
Among the molecular markers, microsatellites or SSRs (Simple Sequence Repeats) were chosen as one of the best marker system for genotyping of germplasm collections due to their high information content (PIC), codominant inheritance, locus specificity, extensive genome coverage and simple detection using labeled primers that flank the microsatellite and hence define the microsatellite locus (4).
Microsatellite markers have been applied widely in maize genetic studies such as construction of linkage maps and QTL mapping (5, 6) or evolution studies (7, 8, 9, 10, 11, 12, 13) .
Although maize was introduced a few centuries ago in Bulgaria, and it has attained a great social-economic importance, little is known about the genetic variability of this crop. At present Bulgarian germplasm collections contain more than 4500 accessions and an analysis of their genetic potential is extremely necessary for optimal design of breeding programs and future broadening the genetic diversity of this crop.
The objective of the present study was to use microsatellite markers for assessment the genetic diversity among Bulgarian maize inbreds and comparison to that of introduced in Bulgarian breeding programs US inbreds.
Materials and Methods

Plant material and DNA isolation
To assess genetic diversity, SSR analysis was pursued. For this task, two groups of inbreds were analyzed: 41 Bulgarian and 10 US. Thirty seven of Bulgarian inbreds selected from 5 Synthetic populations were obtained from the gene bank of Institute of Plant Genetic Resources, Sadovo, Bulgaria (IPGR), four -23/57B, 23/78B, KC 4647 and 26A from Maize Research Institute, Kneja, Bulgaria (MRI). Eight of the US inbreds were obtained from the gene banks of the IPGR-Sadovo and MRI-Kneja, Bulgaria, and 2 from PIONEER BRAND. The US inbreds, with the exception of those from PIONEER BRAND, have been imported to Bulgaria more than forty years ago to start single cross heterosis hybrids production.
Names of inbreds, their origin, available pedigree information, kernel type, endosperm and cob colours are shown in Table 1 .
DNA was isolated from 2 weeks old seedlings employing a modified CTAB procedure (14) .
Microsatellite markers
Eighteen SSR markers (at least one marker/chromosome) distributed throughout the maize genome where chosen from MaizeGDB based on their repeat unit, base composition and localization near to previously reported chromosomal regions involved in abiotic stress tolerance and agronomic traits in maize (15) . The SSRs used in this study are listed in Table 2 . Primer sequences are available from MaizeGDB (www.maizegdb.org). Polymerase chain reaction and fragment analyses PCR reaction was conducted in a volume of 10μl each containing 1x PCR buffer (500mM KCl, 15 mM Mg Cl 2, and 100mM Tris-HCl (pH 9.0), 0.25μM of each fluorescently labelled-Cy5 forward and unlabelled reverse primers and 0.2 mM dNTPs, 0.4U of Taq polymerase (Amersham Biosciences), and 100ng DNA template.
The amplification reaction consisted of a denaturing step of 2 min at 94 ºC, followed by 30 cycles began with 94 ºC for 2 min, annealing reaction of 1 min at 56 ºC and terminated at 72 ºC for 1 min. The detailed protocol for maize SSR amplification is available at The Asian Maize Biotechnology Network (AMBIONET) (http://www.cimmyt.org/ambionet).
Fragment analysis was carried out on automated laser fluorescence (ALF ExpressII) sequencer (Amersham Biosciences). 1/20 or 1/10 of each amplification reaction was mixed with 2 μl of formamide loading buffer containing labeled internal size standards. After denaturation at 95 ºC for 5 min, and cooling down on ice, samples were loaded onto a standard sequencing gel (Reprogel TM , Amersham Biosciences). Fragment sizes were determined using the computer program Allele Locator v. 1.03 (Amersham Biosciences) by comparison with internal size standards with length 50, 100, 150, 200, 250 and 300 bp amplified from pUC 19 plasmid. To reduce the variance in the estimate of fragment sizes between runs, several control samples were run repetitive in all the gels corresponding to the same SSR locus.
Data Analysis
Allele frequencies and probability of identity were calculated using the software Identity 1.0 (16). The expected heterozigosity was calculated as implemented in Excel Microsatellite Toolkit (17) . Fragments amplified with microsatellite primers were scored as binary variables: presence (1) and absence (0). Hierarchical cluster analysis was performed on shared alleles dissimilarity matrix using the unweighted pair-group method with arithmetic average (UPGMA) as implemented in XLSTAT v. 7.5 to build dendrogram of genetic dissimilarities.
Results and Discussion
In this study, we compare 41 maize inbreds from Bulgarian germplasm collections with 10 US inbreds currently used in the breeding programs based on the genetic diversity observed by 18 SSR markers.
A total of 163 alleles were detected at 18 studied microsatellite loci in this study. The appearance of null alleles was observed in five out of 18 studied microsatellite loci in this study which was confirmed by 2 nd amplification/or using other DNA sample from the same plant material.
The number of alleles per locus varied between 2 for phi059 to 17 for umc1029 with average number of 9.1 alleles per locus ( Table 2 ). The average number of alleles obtained in the present study is higher than those reported in previous maize diversity studies. Lu and Bernardo (8) It is important to note that the total number of alleles reported in diversity studies is usually proportional to sample size, and some differences seen here may be attributable to sampling differences. However, another factor influencing the number of alleles is the use of di-nucleotide repeat SSRs, which can produce large number of alleles. Therefore the extremely high allelic richness in the latest study (19) was attributed to the more diverse set of currently and historically used lines and the larger proportion of di-nucleotide repeats that tend to generate more alleles than longer repeat SSRs. Since 16 out of the 18 SSR used in our study were di-nucleotide repeats, the higher average number of alleles could be explained partially by the high proportion of di-nucleotide repeats. However the more diverse set of inbreds from the gene bank collections included in the study may also contribute to the observed higher allelic richness. Our study confirmed the highly discriminatory power of selected SSRs by analyzing the probability of a chance any two genotypes in this dataset to share the same allele at a given locus (PI). The PI ranged from 0.029 at umc1035 to 0.623 at phi059 for 51 Bulgarian and US inbreds. The total PI for all tested 18 microsatellite loci including Bulgarian and US inbreds was 8.8x10 -16 . Only two of the Synthetic 6 inbreds analyzed in the present study Cx78-48 and Cx78-48A, were undistinguishable by the used set of SSR markers. Four out of 18 SSR markers could be effectively used for discrimination of sister lines 23/57B and 23/78B.
Thirty three alleles (20.1%) in the analyzed set were unique to the Bulgarian and not present in the US inbreds. Some of these unique alleles were distinctive of inbreds that originated from specific Synthetics. Only 3.6% of alleles were unique to US inbreds and not present in Bulgarian. Alleles unique to groups of lines, including those from Synthetic 3 (6 alleles), Synthetic 5 (8 alleles), Synthetic 6 (4 alleles), Synthetic 7 (6 alleles), Synthetic 8 (1 allele) were also found. The inbreds Bc7-1-1 selected from Synthetic 3 and Ac83-133-10, Ac83-130-14, Ac83-159-12 from Synthetic 5 possessed more than one unique allele. The rare alleles were also observed in inbreds KC4647 (1 allele), C57 (2 alleles), 26A (2 alleles) and Eliksir (1 allele). Unique alleles were found in sister lines 23/78B (at bnlg1917 locus) and 23/57B (at umc1029 locus) in comparison to other inbreds.
The He value for 18 microsatellite loci in 41 maize inbreds from Bulgarian germplasm collections varied from 0.484 for locus phi099 to 0.895 for locus umc1035 with an average 0.713 (Table 2 ). Gene diversity for our sample of maize inbreds was higher as compared to values of 0.59 (7), 0.76 (20) , 0.59 (21), 0.62 (9), 0.60 (13) and 0.62 (12) obtained from previous studies of genetic diversity between US maize inbreds, and is comparable to the reported by Pejic (10) for 33 US corn belt inbreds (He=0.72). The preliminary exclusion of SSR markers with low discriminatory power done by Enoki (11) seems to be the reason of the higher He value detected (0.69) by the authors. No significant correlation between the repeat size and the number of alleles was found herein but five di-repeat SSR markers, umc1029, umc1035, umc1033, bnlg1176 and bnlg1917 had substantially higher number of alleles (17, 15, 15, 14 and 12 respectively) and subsequently produced much higher He estimates (0.866, 0.917, 0.906, 0.844 and 0.756 respectively). Tri-repeat SSR markers phi017 and phi059 produced low number of alleles and He values in both Bulgarian and US maize inbreds. Extremely high gene diversity value (He=0.82) was recently reported for a sample of 260 maize inbreds genotyped at 94 SSR loci (19) . Since estimates of gene diversity are not affected by differences in sample size as it have been confirmed by Liu (19) , the higher He that we observed in our study is likely a function of the higher proportion of dinucleotide repeat SSRs and more diverse set of inbreds used in the present study. If one considers only SSRs with trinucleotide or longer-repeat motifs, then gene diversity in our sample (0.592 for phi017 and 0.500 for phi059) falls nearer to these previous reports.
Comparative analysis of gene diversity was performed within Bulgarian and US germplasm and between them. He value for Bulgarian maize inbreds varied from 0.484 for the locus phi099 to 0.895 for locus umc1035 with mean value of 0.713. The gene diversity for 18 SSRs loci in 10 US maize inbreds varied from 0.189 for locus bnlg1484 to 0.915 for locus umc1029 with mean value of 0.693.
In our study the comparison of SSR and some morphological traits-based diversity estimations revealed no significant correlation. Traits like ear height, plant height and ear type were clearly not related to SSR variation, suggesting that these traits are not suitable for line identification. All these traits are quantitative in nature and it has been shown that there is a large genetic variability within each trait category. In the case of some other qualitative traits, like endosperm colour, kernel type and cob colour some levels of differentiations exists suggesting that these traits can be used in the classification and management of collections.
In order to further characterize the structure and grouping of the 51 Bulgarian and US inbreds a dendrogram derived from UPGMA cluster analysis based on genetic dissimilarity (GS) coefficient matrix was build. The resulting dendrogram (Figure) shows that all with the exception of lines Cx78-48 and Cx78-48A could be distinguished and grouped into two major clusters (cluster I and II) and 5 smaller groups (subclusters). Within these germplasm groups most of accessions were grouped in a manner that is for the most part consistent with their known pedigree. Bulgarian inbreds could be found in both main clusters and a mixture of different kernel types and cob colour was present in almost all subclusters. Most of inbreds selected from Synthetic 6 (Cx78-6, 97-18, 97-15, 97-17, 97-21, 97-22, 97-14, 97-23, 97-13, 97-24) were grouped into one of the subclusters of cluster I thus confirming their common pedigree and common genetic architecture. The other inbreds in this subcluster with the exception of Cx78-6 were with yellow endosperm, flint kernel type and white cobs. Only two lines Cx78-34B and Cx78-1-2 diverged from the rest of Synthetic 6 lines and were clustered together with few other Bulgarian maize accessions and US inbreds close to Oh40b into the cluster II. Synthetic 8 inbreds (97-6, 97-1, 97-8, 97-10) were also grouped into 2 neighbouring subclusters of the main cluster I which was an indication for low level of gene diversity among them. Only line 97-10 was grouped with Synthetic 7 inbreds.
Different situation was observed with the inbreds selected from the Synthetic 7 (Cx78-14-1, Cx78-27, Cx78-27B, Cx78-46B, Cx78-48, Cx78-48-1, Cx-78-48A, Cx78- Table 1) . The second (II) main cluster was composed of 9 US inbreds and their derivatives with the exception of Mo17 and small part of Bulgarian inbreds selected from Synthetic3 (Bc7-3, Bc7-1-1), Synthetic5 (Ac83-159-12, Ac 83-120-7A, Ac83-120-7B), Synthetic6 (Cx78-1-2) , Synthetic7 (Cx78-49), Susu (C57, Eliksir), 26A and KC4647. The US inbreds A619, B37, PHG29 and PHG47 were grouped together with Bulgarian inbred KC4647 which was preliminary characterized as drought tolerant based on morphological and some physiological observations. Only two out of the 41 Bulgarian inbreds (Eliksir and C57) were sweet corn. Both inbreds were grouped together in II cluster of dendrogram and also shared common qualitative traits such as kernel type, cob and endosperm colours.
The present study shows that Bulgarian maize inbreds possess great depth of allelic diversity and confirms that the applied breeding approach could be successfully used for enlargement of genetic variation in inbreds with common pedigree. Some inbreds possessing rare alleles for many different loci could be successfully used in future breeding programs for broadening of allelic diversity and potential for cultivar improvement of maize.
